The mosquito gut microbiome plays an important role in mosquito development and fitness, 2 3 providing a promising avenue for novel mosquito control strategies. Here we present a method for rearing 2 4 axenic (bacteria free) Aedes aegypti mosquitoes, which will greatly facilitate mechanistic studies 2 5 documenting the structure and function of the microbiome. Through feeding sterilized larvae agar plugs 2 6 containing attenuated Escherichia coli, mosquito development was observed in the absence of living 2 7 bacteria. Axenic larvae were capable of full development into adults, which laid eggs that were 2 8 subsequently hatched. However, axenic mosquitoes exhibited delayed development time and reduced egg 2 9 clutch size in comparison to bacterially colonized mosquitoes. These findings suggest that mosquito 3 0 development is not dependent on live bacteria, but their phenotype is modulated by the presence of 3 1 microorganisms. This axenic system offers a new tool in which the mosquito microbiome can be 3 2 systematically manipulated for a deeper understanding of microbiome host interactions. In this study, we tested a variety of reported methods and developed novel practices for by Escherichia coli. Axenic mosquitoes also had a significant reduction in egg clutch size 1 0 7 compared to their microbiome-colonized cohorts. The data presented here represents a 1 0 8 methodological advancement in the field of mosquito microbiome research and provides a much-1 0 9
needed tool to elucidate the role of microbiota in mosquito physiology and pathogen 1 1 0
susceptibility. Furthermore, our results challenge our current understanding of the interaction 1 1 1 between the microbiome and mosquito development. Testing mosquito diets to support axenic mosquito growth 1 1 5
In order to define the nutritional requirements needed to support mosquito development, 1 1 6
we tested multiple mosquito diets. Mosquito diets free of living bacteria generally resulted in 1 1 7 widespread mortality or stalled larval development (Table 1 ). In contrast, the majority of 1 1 8 gnotobiotic larvae (colonized by E. coli strain K12) survived to adulthood. Yet, supplementing 1 1 9
the mosquito diet with heat killed or sonicated E. coli cells in the medium failed to rescue 1 2 0 development (Table 1) . Furthermore, the highest concentrations of heat-killed or sonicated E. cell culture were also assessed for their ability to support larval growth. Larvae failed to develop 1 2 3 at low concentrations of the added nutrients, whereas the mixture was lethal to the larvae at high concentrations (Table 1) . To ascertain if the ability to rescue larval development was unique to 1 2 5 bacteria, we inoculated the standard larval diet with 100 µl of an active baker's yeast culture and common observation across the different diets was that in high concentrations many of the 1 3 0 supplements were toxic to the larvae (Table 1) , suggesting mosquito larvae are sensitive to high 1 3 1 concentrations of particular compounds in their environment. only diet able to support the development of mosquitoes in the absence of live bacteria. Sterility 1 4 0 of the resulting larvae and adult mosquitoes was confirmed by both culture-dependent and 1 4 1 independent methods (PCR of 16S rRNA genes, see methods) ( Figure 1 ). the CR group was excluded from the phenotypic analyses described below. To determine if our axenic rearing conditions altered mosquito phenotypic traits, we proportion of males than the gnotobiotic group, although the difference was not significant 1 7 7 (p=0.23, Figure 3a ). These results were somewhat surprising considering that a previous study proportions of males to females compared to those reared on a high concentration larval diet 39 . unpaired t-test, t(35)=2.848, p=0.007; Figure 4 ), a reduction of approximately 18% fewer eggs. The reduced clutch sizes did not affect the viability of the eggs as larvae laid by axenic females Characterizing bacterial components that rescue mosquito development
The development of agar plugs containing liver:yeast extract and infused with attenuated 1 9 8 E. coli was based on the hypothesis that large populations of actively growing bacteria were 1 9 9 present in the mosquito midgut, and these populations of bacteria were producing the required To better define the requisite bacterial components in the agar plugs needed for 2 0 5 development, several cell fractions were tested for their ability to support larval development. Both sonicated and filter sterilized E.coli cells and autoclaved cells alone rescued larval 2 0 7 development ( bacteria, as baker's yeast can also rescue development (Table 1) . Finally, a companion paper to 2 3 7 this study demonstrates that axenic larvae can be rescued through feeding on a diet consisting of In sum, these observations suggest that mosquitoes are unable to produce essential nutrients on 2 4 0 their own, and that in nature these nutrients are supplied by the microbiome. A study of the 2 4 1 transcriptional differences between axenic and colonized larvae may support this hypothesis. Axenic larvae (unable to develop due to a lack of a microbiome) displayed significant down- however, to note that mosquito egg clutch size has also been linked to nutrition 51,52 , which could 2 8 6 explain the observed differences between the axenic and colonized groups. Bacterial turnover 2 8 7 may supply the colonized mosquitoes with a steady source of nutrients, which is not available to 2 8 8 the axenic group. Additionally, the microbiome is associated with an increased ability to extract 2 8 9 energy from food 53 . Therefore, we would expect that this would lead to a better nutritional status 2 9 0 for gnotobiotic and CR mosquitoes, possibly explaining reduced egg clutch size for the axenic 2 9 1 mosquitoes.
9 2
In summary, this study presents a method to rear axenic Aedes aegypti mosquitoes from 2 9 3 eggs to adults and into the subsequent generation in the complete absence of a microbiome. We show that axenic mosquitoes develop normally, but with a delay in the time of development. Axenic mosquitoes show decreased mortality and smaller egg clutch sizes in comparison to their 2 9 6 bacteria colonized cohorts. As mosquitoes are a major global health concern, interventions that 2 9 7 could decrease mosquito fecundity are a common objective for mosquito management. The data 2 9 8
presented here suggest that the microbiome may be a potential target for future control strategies. Using bacteria as a tool in mosquito control, a method referred to as paratransgenesis 15,56 , has 3 0 0 already been pursued. However, these studies have thus far been hampered by a lack of effective 3 0 1 tools to manipulate the microbiome. The methods presented in this study add mosquitoes to the 3 0 2 collection of organisms for which an axenic state can be maintained, underpinning our ability to 3 0 3 treat the microbiome as a controlled experimental variable in organismal studies. Multiple diets and supplements were tested for their ability to support the development of 3 0 7 axenic mosquitoes. The first group of treatments was based on the standard diet for the colony 3 0 8
raised mosquitoes, which consisted of a 0.1% solution of 3 parts liver extract (Difco, dessicated, 3 0 9 powdered beef liver) and 2 parts yeast extract (Fisher Scientific, granulated yeast extract). The 3 1 0 standard diet was also supplemented with the following: 5 ml Luria Broth (LB), 1 ml or 5 ml of wild-type strain K-12 54 ), 1 ml or 5 ml autoclaved E. coli cells (overnight culture), 0.2% or 2% base not consisting of the standard diet. These were: 0.1% sterile fish food (TetraminTropical 3 1 7
Flakes) and a synthetic larval growth media previously described 33 .
3 1 8
The final diet tested was a mixture of sonicated and heat-killed E. coli embedded in agar 3 1 9 plugs. A starter culture of E. coli was grown overnight at 37°C and used to inoculate two flasks 3 2 0 of 500 ml of LB broth. To harvest mid log-phase cells, the inoculated flasks were placed on a 3 2 1
shaker and incubated at 37°C for approximately 5 hours to an OD of ~0.8. The cells were then 3 2 2 centrifuged at 1100 rpm for 10 minutes. After discarding the supernatant, the bacterial pellet was re-suspended in 20 ml of PBS and sonicated at 65% amplitude using a Fisher Scientific Model 120 Dismembrator for a total of 3 minutes. The sonicated cells were then centrifuged at 4000 3 2 5
rpm for 10 minutes. The supernatant was filter sterilized using a 0.2 µm PES membrane filter, 3 2 6 and the pellet was re-suspended in 10 ml of sterile water and subsequently autoclaved at 121°C for 30 minutes. The resultant filtrate and autoclaved pellet were then combined with 30 ml of a 3 2 8
1.5% agar solution containing 3.3% 3:2 liver:yeast extract. The agar mixture was poured into 3 2 9
standard Petri dishes and stored at 4°C.
For the plugs that contained only sonicated and filter sterilized E. coli, the above 3 3 1 standard protocol for culturing and sonicating the bacteria was followed; however, 10 ml of 3 3 2 sterile water was substituted for the autoclaved bacterial pellet. Similarly, for plugs that
contained only mid-log phase autoclaved E. coli, the standard protocol was followed with the 3 3 4
following exceptions: after re-suspension in 20 ml of PBS, the pellet was autoclaved at 121°C Briefly, a small segment of egg-covered filter paper was washed for five minutes in 70% ethanol, additional five minute wash in 70% ethanol. The sterilized eggs were then rinsed three times in autoclaved distilled water and placed in Petri dishes filled with phosphate buffered saline (PBS). The sterile hatched eggs were split into three different treatment groups. Axenic larvae 3 5 5
were incubated at 28°C in the presence of 75 µg/ml carbenicillin and 12.5 µg/ml tetracycline for 3 5 6 4 hours. Gnotobiotic larvae were exposed to a 1 ml aliquot of an overnight culture of E. coli for 4 3 5 7
hours at 28°C. Finally, the conventionally reared ("CR") group were inoculated with a 1 ml 3 5 8
aliquot obtained from pans of water used to rear larvae from a laboratory maintained Ae. aegypti 3 5 9
colony. In this manner, each group went through the sterilization procedure, ensuring that any 3 6 0 observed differences in mosquito development were not due to effects from surface sterilization 3 6 1 of the eggs. For each tested condition, six individual larvae were transferred from the Petri dishes to 16S rRNA gene primers (27F and 1492R 55 ), using the following protocol: initial denaturation at 3 8 0 95°C for three minutes, followed by 30 cycles consisting of 95°C for 45 seconds, annealing at To ensure that the axenic larvae were truly bacteria free we employed a three step 3 9 0 verification of sterility: 1) In each experiment, a "sterile" control group of larvae was maintained. This group was processed in parallel to the other treatment groups and fed on the same batch of indication of contamination and the experiment was discarded; 2) In each experiment, a subset of 3 9 4 axenic larvae and adult mosquitoes were tested for contamination by culturing. A positive test 3 9 5
for bacterial presence in any experiment indicated contamination and the experiment was 3 9 6 discarded; 3) A subset of axenic larvae (L4 growth stage) and newly emerged adult mosquitoes 3 9 7
were tested for bacterial DNA through PCR of bacterial 16S rRNA genes. A positive test for 3 9 8
bacterial presence in any experiment indicated contamination and the experiment was discarded. Hemotek membrane feeder in a biosafety cabinet. Hemotek feeders were autoclaved and UV-4 0 8
sterilized parafilm was used for the feeds. Similarly, all glassware and forceps used to sort 4 0 9 mosquitoes were autoclaved. CR mosquitoes were acquired from the laboratory colony and 4 1 0 blood fed using a circulating bath membrane feeder. Using the method of mass rearing described above, an equal number of sterile and non-4 1 4
sterile larvae were placed in separate polypropylene jars, allowed to emerge, and were blood fed 4 1 5 CR mosquitoes were fed a 1% 3:2 liver: yeast extract solution. After blood feeding, axenic 4 1 7
(n=16) and CR (n=21) females were individually placed in autoclaved 50 ml tubes containing 4 1 8
sterilized egg-laying filter paper and water. After oviposition, the filter papers were removed 4 1 9
from the tubes and the eggs counted. To assess differences in wing length between the three groups axenic, gnotobiotic, and 
